The friction stir welding (FSW) process is a solid-state joining process and the joining temperature is lower than that used in the fusion welding processes. Therefore, for dissimilar metal welding, FSW is considered to offer several advantages over fusion welding. The present work investigated the weldability of duralumin and titanium alloys using friction stir welding. The aluminum plates used in this work were 2024-T3 and 7075-T651, and the titanium plates used were pure titanium and Ti-6Al-4V. The average tensile strength of the Ti/2024 FSW joints was 311 MPa, and the tensile strength of the Ti/2024 joint was higher than that of the Ti/7075 FSW joint when the joining conditions were the same. A mixed region of Ti alloy and Al alloy was observed at the joint interface, and the joints mainly fractured at this region, where there was an intermetallic compound layer. In this region, a TiAl 3 intermetallic compound was detected by XRD. Therefore, it can be understood that this TiAl 3 intermetallic compound affects the tensile strength of butt joints.
Introduction
Aluminum alloys and titanium alloys have been applied as high strength-to-weight ratio materials for automobiles, aircraft and other machines. Thus, dissimilar joining of aluminum alloys and titanium alloys is expected to widen the industrial application of these alloys to allow lighter products to be produced and thereby save energy.
In the previous work, butt joining of titanium and Mg-AlZn alloys (AZ alloys and AMCa602) was examined by friction stir welding (FSW). 1, 2) The results showed that an intermetallic compound of titanium and aluminum formed at the joint interface, and the tensile strength of the joint was affected by that intermetallic compound layer. However, the thickness of the intermetallic compound layer of titanium and aluminum was very thin, and decreasing the heat input by FSW controlled the formation of this intermetallic compound. There have been several studies on the weldability of titanium and aluminum alloys by solid-state joining. There have been several studies on friction welding and the friction stir lap joining process. However, there have been few studies on the butt joining of titanium to a dissimilar high-strength aluminum alloy by FSW. [3] [4] [5] [6] This study has focused on the reactions of an alloying element of Al alloys with Ti alloys at the joint interface during FSW and investigated the weldability of Al alloys and Ti alloys by FSW. Table 1 shows the chemical compositions of plates. To examine the weldability of joints, 2024-T3 and 7075-T651 were joined to pure Ti and Ti-6Al-4V alloy by FSW. The joining conditions are shown in Table 2 and a schematic diagram of FSW is shown in Fig. 1 , in which the probe insert position was offset on the joint interface. The position in which the probe was inserted was offset on the grooved surface by 0.5 mm. The probe was inserted in the Al alloy side and the probe edge was slightly offset into the Ti alloy. This joining method was suggested by some research. [7] [8] [9] [10] In this study, the Ti alloy plate was positioned on the advancing side and the Al alloy plate was positioned on the retreating side. Square butt joints with 50 mm Â 150 mm Â 2:0 mm rectangular plates were used and grooved surfaces were machined and degreased with acetone.
Experimental Procedure
Metallurgical investigations on a cross section of the joint were done after polishing and etching. Visual inspection of joints was carried out in order to find defects on the surface. Metallurgical investigations on a cross section of the joint were done after polishing and etching. The distribution of elements on the joint interface was examined using a scanning electron microscope (SEM) equipped with an energy dispersive X-ray spectroscope (EDS). Microhardness measurement was carried out along a mid-thick line on the cross section of joints. The mechanical properties of the joint were measured in tensile tests. The tensile tests were carried out at a cross-head speed of 2 mm/min. The shape of the tensile test specimens was rectangular and the width was 10 mm. Fractured surfaces of joints were analyzed using SEM-EDS and X-ray diffraction (XRD) after the tensile test. Figure 2 shows the macroscopic appearance of a crosssection of the joints. In observing the surface appearance of the joints, defects were observed near the groove in the Ti6Al-4V/7075 joint at a travel speed of 300 mm/min. This joint was easily broken near the joint interface when the specimen was processed as shown in Fig. 2(h) . In the stir zone of Al alloys, Ti alloy chips cut by the probe were dispersed. The width of the stir zone of the Ti/2024 and Ti-6Al-4V/2024 joints were nearly the same as that of the Ti/7075 and Ti-6Al-4V/7075 joints at the same travel speed. However, a decreasing travel speed tended to increase the width of the stir zone on the Al alloy side. The butt joint interface, which was originally straight and vertical to the plate surface, was deformed from the Ti alloy side to the Al alloy side, especially in the upper half of the plates. The temperature tends to rise near the surface of the plate beneath the rotating shoulder. Thus, the Ti alloy near the interface at the upper half of the plate is plastically deformed more easily.
Results and Discussion
Cross-sectional microstructures of the joint interface of Al alloy and pure Ti joints are shown in Fig. 3 . Black regions are observed at the joint interface. These regions contained a mixture of pure Ti and Al alloy. The mixed regions did not cover all the joint interfaces. These regions were observed partly at the interface and many of them were observed at the upper half of the plate and at the interface. The width of the plastically deformed region near the interface of pure Ti increased with a decrease in the travel speed. The width of the plastically deformed region was less than 500 mm at a travel speed of 100 mm/min. No refined grains of Ti by dynamic recrystallization were observed at the joints in this study. In observing the stir zone in Al alloys by etching adapted to the microstructure of Al alloys, the grains of Al alloy in the stir zone were refined under 20 mm at a travel speed of 100 mm/ min by dynamic recrystallization. However, at a travel speed of 300 mm/min, the grain size decreased to about 5 mm. Generally, increasing the travel speed decreases the heat input. The increase in the grain size at a travel speed of 100 mm/min was due to increasing the heat input. Figure 4 shows cross-sectional microstructures of the joint interface of Ti-6Al-4V/Al alloys joints. The plastically deformed region of Ti-6Al-4V near the interface was narrower than that in the Ti/Al alloys joints. The width of the region was less than 200 mm at a travel speed of 100 mm/min, and also here no refined grains by dynamic recrystallization were observed in this study. At the joint interface of all joints, Al alloys were refined by dynamic recrystallization, but microstructures with dynamic recrystallization were not observed at the Ti alloys side under an optical microscope. Figure 5 (a) shows the tensile test results of Ti/Al alloy joints. The average tensile strength of the Ti/2024 joint was 311 MPa and the tensile strength of the Ti/7075 joint was 201 MPa at a travel speed of 300 mm/min. The average tensile strength of the Ti/7075 joint was lower than that of the Ti/2024 joint under all friction stir welding conditions used in this study. Increasing travel speed increases the tensile strength of the joints. Figure 5(b) shows the tensile test results of the Ti-6Al-4V/Al alloy joints. The average tensile strength of the Ti-6Al-4V/Al alloy joints tended to be lower than that of the Ti/Al alloy joints under the same joining conditions. And, the average tensile strength of Ti6Al-4V/2024 joints was higher than that of Ti-6Al-4V/7075 joints. In all Ti alloy and Al alloy joints, the fracture occurred near the joint interface in this study. Figure 6 shows an SEM image and characteristic X-ray image at the joint interface of the Ti/2024 joint at a travel speed of 100 mm/min. Cu was detected uniformly on the matrix of the 2024 Al alloy near the interface, and Cu compositions smaller than observed on the base metal were detected partly. The compositions of Cu and Mg with Ti were not observed at the interface by SEM-EDS. It is considered that these alloying elements of 2024 Al alloy did not affect the formation of the reaction layer at the Ti/2024 joint interface. In the Ti-6Al-4V/7075 joint at a travel speed of 100 mm/min, a mixed region composed of Ti-6Al-4V and 7075 Al alloy was observed at the joint interface, and a crack was observed through this region as shown in Fig. 4(c) .
The hardness traverses of joints at a travel speed of 100 mm/min measured are presented in Fig. 7 . In the stir zone of the Al alloy, the hardness was partly increased by Ti alloy chips. The hardness near the joint interface of the Ti alloy side was higher than that of the Ti alloy base metals. This region with a higher hardness near the interface of the Ti alloy side was much wider than that of the mixed region observed by SEM and EDS. Hence, it is considered the cause of the increased hardness in the Ti alloy side observed near the joint interface is not the formation of an intermetallic compound. It is due to the plastic deformation of the Ti alloy induced by the friction stir of the probe. The hardness of the 7075 base metal was higher than of the 2024 base metal, and Ti-6Al-4V was harder than pure Ti. Therefore, it is considered that the material flow of the 7075 Al alloy and Ti-6Al-4V base metal was not sufficient to join during FSW in this study. However, mixed regions of Ti alloy and Al alloy were formed partly at the interface. Figure 8 shows cross-sectional SEM images of the Ti/ 2024 joint at a travel speed of 300 mm/min after the transverse tensile test. These joints had the highest tensile strength of the Ti/2024 joints in this study. The fracture occurred in the mixed region and interface of the Ti and Al alloy. Cracks were observed in the region as shown in Fig. 8(a) . A gray phase was observed at the fractured surface of 2024 Al alloy side by SEM. In quantitative analysis using SEM-EDS, an Al-rich Ti-Al section was observed in the gray phase. Figure 9 shows XRD spectrums obtained from the fractured surface on the Ti/2024 joint at a travel speed of 100 mm/min. On the fractured surface of the Ti/7075 Al 
Conclusions
We studied the weldabilities of Ti/2024, Ti/7075, Ti-6Al-4V/2024 and Ti-6Al-4V/7075 butt joints by friction stir welding.
(1) In joining Ti and Al alloys by friction stir welding, the weldability of the Ti and 2024 Al alloy was better than of the Ti and 7075 alloy, and the tensile strengths of the Ti/2024 joints were higher than the other joints under the same joining conditions in this study. joint interfaces in all joints. In this region, a TiAl 3 intermetallic compound was detected by XRD. However, no other intermetallic compounds were detected using XRD and SEM-EDS. Therefore, it can be understood that the TiAl 3 intermetallic compound mainly affects the tensile strength of FSW butt joints.
